Passivity-based control (PBC) has shown to be very powerful to design robust controllers for physical systems described by Euler-Lagrange (EL) equations of motion. The application of PBC in regulation problems of mechanical systems yields controllers that have a clear physical interpretation in terms of interconnection of the system with its environment. In particular, the total energy of the closed-loop is the difference between the energy of the system and the energy supplied by the controller. Furthermore, since the EL structure is preserved in closed-loop, PBC is robust vis ci vis unmodeled dissipative effects. Unfortunately, these nice properties are sometimes lost when PBC is used in other applications, for instance, in electrical and electromechanical systems. In this paper we further contribute to develop a new PBC theory encompassing a broader class of systems, and preserving the aforementioned energy-balancing stabilization mechanism and the structure invariance, continuing upon our work in [14], [9] and [17]. Towards this end we consider port-controlled Hamiltonian systems with dissipation (PCHD), which result from the network modeling of energy-conserving lumped-parameter physical systems with independent storage elements, and strictly contain the class of EL models.
Introduction
The term passivity-based control (PBC) was first introduced in [lo] to define a controller design methodology which achieves stabilization by rendering passive a suitably defined map. This idea has been very successful to control physical systems described by EulerLagrange (EL) equations of motion, which as detailed in [ 111, includes mechanical, electrical and electromechanical applications. PBC has its roots in the groundbreaking work of Takegaki and Arimoto [ 161 on state- ' Author to whom all correspondence should be addressed.
0-7803-5250-5/99/$10.00 0 1999 IEEE feedback regulation of fully actuated robot manipulators. For such (so-called simple) mechanical systems the controller design proceeds along two basic stages. First, an energy shaping stage where we modify the potential energy of the system in such a way that the new potential energy function has a strict local minimum in the desired equilibrium. Second, a damping injection stage where we now modify the dissipation function to ensure asymptotic stability.
PBC has been extended, within the class of simple mechanical systems, to consider regulation with output feedback [12], [15], underactuation [l] and the presence of input constraints [SI. PBC ideas were also applied to electrical and electromechanical systems described by EL models, as well as to solve tracking problems -for a complete set of references see [ 1 11. While in regulation problems for mechanical systems it suffices to shape the potential energy, to address the other applications (even in regulation tasks) we had to modify also the kinetic energy. Unfortunately, this modification could not be achieved preserving the Lagrangian structure. That is, in these cases, the closed-loopalthough still defining a passive operator-is no longer an EL system, and the storage function of the passive map does not have the interpretation of total energy. Consequently these designs will not, in general, enjoy the nice features mentioned above (see Section 10.3.1 of [l 11 for a discussion). Another shortcoming of this EL approach is that the "desired" storage function for the closed-loop map is defined in terms of some error quantities whose physical interpretation is far from obvious.
For an interesting alternative approach to the control of Euler-Lagrange systems which addresses some of these problems we refer to [4]; see also [2] .
In our paper [14] we have developed a new systematic technique to achieve energy-shaping and damping injection in PBC for set-point regulation of systems described as port-controlled Hamiltonian systems with dissipation (PCHD). An important advantage of this method is that the basic step of PBC of choosing the "desired" storage function -being now a true energy function-becomes more natural. We also have that, if the damping satisfies some structural conditions (or if it is zero), the total energy is the "energy-balancing function". In the present paper we take a somewhat complementary point of view by stressing the energy-shaping as resulting from the interconnection of the PCHD system (the "plant") with a controller system that is also a PCHD system; continuing upon our work in [9] . A more detailed exposition will appear in [ 171.
PCHD models encompass a very large class of physical nonlinear systems, strictly containing the class of EL models. They result from the network modeling of energy-conserving lumped-parameter physical systems with independent storage elements, and have been advocated in a series of recent papers [8] , [7] , [18] as an alternative to more classical EL (or standard Hamiltonian) models. Besides capturing the energy balance features of physical systems, as in EL models, there are two key advantages of working with PCH models for PBC: firstly, they allow for a clear identification of the structural properties of the system through the damping and the interconnection matrices, in particular, there is a clear-cut distinction between the internal interconnection structure and the interconnection with the environment -in our case, the control action. Secondly, that the structural obstacles for energy shaping and damping injection are better revealed. In this way, the geometric structure of the state-space of Hamiltonian systems can be profitably used for PBC. For instance, the rank deficiency of the internal interconnection matrix reveals the existence of invariants of motion of the system dynamics, also called Casimir functions. The generation of these Casimir functions through the interconnection with a controller system is the key idea in the developments presented in this paper.
Port controlled Hamiltonian systems with dissipation
Network modeling of energy-conserving lumpedparameter physical systems [8] with independent storage elements leads to models of the form -called port controlled Hamiltonian (PCH) systems [7] , [ 181-
where x E X are the energy variables, X is the n-dimensional state space manifold (often Rn), the smooth function H : X ---f R represents the total stored energy, which we assume is bounded from below, and u,y E Rm are the port power variables. (All vectors defined in the paper are column vectors, even the gradient of a scalar function.) U and y are conjugated variables, for instance currents and voltages in electrical circuits or forces and velocities in mechanical systems.
The interconnection structure is captured in the n x n matrix J ( x ) and the n x m matrix g(x), both depending smoothly on the state x. Because of the assumption of energy-conservation, the matrix J ( x ) is skewsymmetric, that is,
The geometric structure of Hamiltonian systems has been thoroughly studied in the literature, we refer the interested reader to [3] , [ 
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showing passivity of the system, if H is bounded from below. We call (2.3) a port-controlled Hamiltonian system with dissipation (PCHD). Note that in this case two geometric structures play a role: the internal interconnection structure given by J ( x ) and an additional resistive structure given by R ( x ) , which is determined by the port structure gR(x) and the linear constitutive relations U R = -SYR of the resistive elements. Many dynamical properties of (2.3) may be inferred from these two 
implying that the time-derivative of C along solutions of the port-controlled Hamiltonian system with dissipation (2.3) is zero (irrespective of the Hamiltonian H ) for U = 0. Furthermore, this holds for arbitrary input functions
A stronger notion of Casimir functions is obtained by considering functions C : X --f R which are "Casimir functions" for both geometric structures defined by J ( x ) and R(x) respectively, that is
Energy-shaping by interconnection
Consider a port controlled Hamiltonian system with dissipation (2.3) regarded as a plant system to be controlled. It is a classical result (see e.g. [17] ) that the standard feedback interconnection of two passive systems again yields a passive system; a result wich can be used for various stability and control purposes. (3.9) Furthermore, since R(x) 2 0 the first line of (3.9) is ax (4 -g ( x ) d ( 6 ) -(5) (3.14) 
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Using the second and the third equality of (3.12) this can be rewritten as equivalent to 
. ,Cnc -G,,(x).
Denoting G = (GI , .. . , GflC)* this means that G should satisfy (see (3.11))
Thus we see that the interconnection of the plant system (2.3) to the controller system has resulted in another PCHD system with the same interconnection and dissipation structure as before, but with shaped Hamiltonian H, given by (3.18). We summarize this in: Proposition 2: Consider the feedback interconnected port-controlled Hamiltonian system with dissipation (3.2) for e = 0, ec = 0. Let G = ( G I , . . . Gnc) satisfy (3.12) . Then the reduced dynamics on any multi-level set (3.13 ) is given as the port-controlled Hamiltonian system with dissipation (3.17) , where the shaped Hamiltonian f& is given by (3.18 ). There are a couple of possible extensions to the above analysis of the feedback interconnection of a PCHD plant system to a PCHD controller system. Indeed, one may take the controller PCHD system C given by (3.1) to be modulated by the state variables x, which means that Jc, Rc and gc also allowed to depend on x,, in which case e.g. the conditions (3.12) take the form Especially, allowing gc to depend on flexibility in the design.
An interpretation of the shaped Hamiltonian
Remark Allowing RC to depend on We conclude that under certain conditions the feedback interconnection of a PCHD system (the "plant") with another PCHD system (the "controller") leads to a reduced dynamics given by another PCHD system (3.17)) (possibly with inputs e and outputsy, cf. (3.26) Indeed , a(x) is given in explicit form as (3.27) A state feedback U = a(.) satisfying (3.26) is customarily called a passivity-based control law, since it is based on the passivity properties of the original plant system (2.3) and transforms (2.3) into another passive system with shaped storage functions (in this case Hs ). Seen from this point of view we have thus shown that the passivity-based state feedback U = a(.) satisfying (3.26) can be derived from the interconnection of the PCHD system (2.3) with a PCHD controller system (3.1). This fact has some favorable consequences. Indeed, it implies that the passivity-based control law defined by (3.26) can be equivalently generated as the feedback interconnection of the passive system (2.3) with another passive system (3.1). Hence we can directly invoke the classical passivity theorems to derive properties about the controlled system.In particular, the observation that the passivity-based control (3.26) can be derived in this way implies a natural robustness of the controlled system: the plant system (2.3), the controller system (3.1), as well as any other passive system interconnected to (2.3) in a power-continuous fashion, may change in any way as long as they remain passive, and for any perturbation of this kind the controlled system will still remain stable. The discussion about the actual implementation of the passivity-based control a ( . ) is somewhat complex. In cases of analog design of a controller the interconnection of (2.3) with the PCHD controller system seems the logical option. Furthermore, it may be favorable to avoid an explicit state feedback, but instead to use the dynamics output feedback controller (3.1). On the other hand, in some applications (e.g., robotics) the measurement of the passive output y may pose some problems, while the resulting state feedback U = a ( . ) is easier to implement.
The problem of directly constructing the passivitybased (state feedback) control U = a ( . ) such that Hs has desired properties has been addressed in [14] .
